The magnitude of T c and the apparent similarities with the high-T c cuprate superconductorslayered structural motifs of the conducting FeAs slabs and proximity to antiferromagnetic (AFM) and structural instabilitieshave made these systems an intensely studied research field. The 20 parent REFeAsO materials possess a simple tetragonal crystal structure (ZrCuSiAs-type, space group P4/nmm) comprising layers of edge-sharing FeAs 4 tetrahedra interleaved with REF layers. On cooling, a structural phase transition to orthorhombic crystal symmetry (space group Cmma), accompanied by the development 25 of long range AFM order occurs. 2 The magnetic instability is suppressed upon fluorine-doping before the onset of superconductivity, 3 while orthorhombic symmetry survives well within the superconducting compositions. 4 Soon thereafter it was discovered that superconductivity can be induced by oxygen 30 vacancies in the REFeAsO 1-δ systems. 5 The family of FeAs-based superconductors has now further expanded to include the related alkali-doped superconductors, A 1-x A′ x Fe 2 As 2 (A = alkaline earth, A′ = alkali metal) 6 as well as the ternary LiFeAs phase. 7 These discoveries have catalysed the search for superconducting 35 compositions in related materials in which two-dimensional FeQ (Q = non-metal ions) slabs are also present. This search has now led to the report that superconductivity at ~ 8 K occurs in the simple binary α-FeSe 1-x phase field for x = 0.12 and 0.18. 8 Subsequent work has revealed resistivity onsets for the 40 superconducting transition at temperatures as high as 13.5 K at ambient pressure. 9 Quite remarkably, T c is extremely sensitive to applied external pressure and rises rapidly at a rate of 9.1 K GPa -1 , reaching a value of 27 K at 1.48 GPa. α-FeSe crystallises at room temperature with the tetragonal PbO-type structure ( Fig. 1) and 45 comprises stacks of edge-sharing FeSe 4 tetrahedra -the FeSe packing motif is essentially identical to that of the FeAs layers in the iron oxyarsenides. On cooling, it was reported that a structural phase transition occurs in the vicinity of 105 K to an unidentified low-temperature structure with possible triclinic symmetry. 8 At 50 present, little else is known about the electronic properties of the superconducting α-FeSe 1-x phases but it is reasonable to assume that Se non-stoichiometry is accompanied by the introduction of charge carriers in the essentially 2D FeSe layers. At this stage, precise structural information on the superconducting phase of α-
55
FeSe 1-x is needed and this should be the cornerstone for all subsequent understanding of the origin of superconductivity in this intriguing system. Here we report the structural determination of the α-FeSe 1-x (x ~ 0.08) binary superconductor by high-resolution synchrotron X-ray 60 and neutron powder diffraction at temperatures between 5 and 295 K. We find that below T s = 70 K, the crystal structure becomes metrically orthorhombic (space group Cmma), displaying an identical distortion of the FeSe slabs to that oberved for the FeAs layers in the iron oxyarsenide family. The structural transition 65 coincides with the temperature at which the temperature-dependent resistivity, ρ shows an anomaly. Powder samples of FeSe 1-x were prepared by reaction of stoichiometric quantities of high-purity Fe (>99.9%) and Se (99.999%) contained in an evacuated quartz tube at 680°C for 12 70 hours. Following regrinding, these were pressed into pellets and heated in vacuo at 680°C for an additional period of 12-30 hours. 9 SQUID measurements (ZFC/FC protocols, 10 Oe) reveal the onset of bulk superconductivity below ~8 K. Resistivity measurements by the four-probe method show the onset of superconductivity at 75 13.5 K with the zero-resistance state obtained at ~7.5 K. In addition, two small humps in ρ(T) are evident near 200 and 50 K. 9 High-resolution synchrotron X-ray diffraction experiments were carried out on the ID31 beamline at the European Synchrotron Radiation Facility (ESRF), France. The samples were sealed in 0.7-80 mm diameter thin-wall glass capillaries and diffraction profiles (λ = 0.40301 Å) were collected at various temperatures between 5 and 295 K. The data were binned in the 2θ range 1-40° to a step of 0.002°. Higher statistics diffraction profiles were also recorded at 5, 100, 200 and 295 K over a longer angular range (2θ = 1° to 50°). 85 Complementary neutron powder diffraction data were collected with the high-resolution diffractometer D2b (λ= 1.5944 Å) at the Institut Laue Langevin (ILL, Grenoble, France). The sample (149 mg), from the same batch used for the synchrotron X-ray diffraction measurements, was loaded in a cylindrical vanadium 90 can (diameter = 5 mm) and then placed in a standard ILL "orange" liquid helium cryostat. The instrument was operated in its high-flux mode and the data were collected in the angular range, 2θ = 0º-164.5º in steps of 0.05º. Table 1S ). The Se content refines to a value of 0.91 (9) . Additional peaks were also evident in the profiles and these could be accounted for by the presence of a minority 105 hexagonal β-FeSe 1-x phase (space group P6 3 /mmc, 22% fraction as revealed by the results of the combined Rietveld refinements). Based on the evolution of the diffraction profiles down to 90 K the refined structure remained strictly tetragonal with both lattice constants, a and c decreasing smoothly (Fig. 2) . The rate of 110 contraction at 13.5 and 30.0 ppm K -1 for the a and c lattice constants, respectively is considerably anisotropic and leads to a gradual decrease of the (c/a) ratio with decreasing temperature. However, the lattice response to further decrease in temperature below 90 K is dramatically different -the hkl (h, k ≠ 0) reflections 115 in the diffraction profile first develop a characteristic broadening, followed by a clear splitting at T s ~ 70 K (Fig. 3 ) signifying a lowering in symmetry of the high-temperature tetragonal structure and the onset of a structural transition. The magnitude of the splitting increases monotonically as the sample is cooled further Table 1S ). The temperature evolution of the lattice constants and of the unit cell volume is shown in Fig. 2 refinements is that the crystal structure of the superconducting state at ambient pressure in α-FeSe 0.92 is metrically orthorhombic. Moreover, there is a signature of the structural transformation in the electronic properties as T s coincides with the observation of a hump in the temperature dependence of ρ(T). This is reminiscent of the 155 structural behaviour in the SmFeAsO 1-x F x oxyarsenide family in which an isostructural orthorhombically distorted structure is also adopted for the superconducting compositions with F doping levels x ≤ 0.12, while the T→O phase transition is only suppressed at doping levels, x ≥ 0.15. 4 It is quite likely that an analogous 160 suppression may occur for higher levels of Se non-stoichiometry in the present system. Certainly it is intriguing to conjecture that application of pressure may also lead to suppression of the lowtemperature T→O phase transition, thereby accounting for the remarkable rapid enhancement of T c upon pressurisation. Finally, it has been argued before for the iron oxypnictide superconductors that the geometry of the AsFe 4 pyramidal units (Fig. 1) sensitively controls both the Fe near-and next-near-180 neighbour exchange interactions 10 and the width of the electronic conduction band. 11, 12 As a result, the superconducting transition onset, T c of REFeAsO 1-x F x increases as the Fe-As-Fe angles become progressively smaller and the rare earth series is tranversed with the RE 3+ ionic radius decreasing. At present, there is no 185 information available on the electronic structure of the iron selenide superconductors and the corresponding influence of the local geometry on the conduction bandwidth. Nonetheless we note that for α-FeSe 1-x , the two small Fe-Se-Fe angles at ~68° (Fig. 1c) are comparable to those in SmFeAsO 1-x F x (~71°), while the larger Se-Fe angle of the SeFe 4 pyramids at ~105° is considerably smaller that those of the iron oxyarsenides (>111°).
In conclusion, we have found that the α-FeSe 0.92 superconductor adopts at low temperatures an orthorhombic superstructure of the high-temperature tetragonal PbO-type structure. The structural 195 transition at ~70 K is evidenced in the electronic properties via a hump in the temperature dependence of the resistivity. Given the very large positive pressure coefficient of T c (~9 K/GPa) in this material, it will be intriguing to follow the structural behaviour and the response of the orthorhombic distortion as a function of applied 200 external pressure.
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Notes and references

